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In the future, 6G wireless communications will be integrated into various 
applications. It is expected that it will handle all Internet of Things services as 
well as satellite communications. Additionally, it is predicted to support 
machine learning (ML) and artificial intelligence (AI). So this work 
investigated four orthogonal ports graphene-based multiple-input and 
multiple-output (MIMO) antenna in the terahertz frequency regime. With 
wide-band (7.1-13) THz, minimum return loss close to -30 dB and a good 
isolation value. That was designed over silicon dioxide (Sio2) 100x100 
substrate with a thickness of 10 um and a maximum gain reaching 8.3 dB at 
11 THz. By adjusting the provided DC voltage, the chemical potential of 


Graphene graphene can be tuned, which in turn allows for the MIMO antenna 
MIMO antenna characteristics to be changed. Envelop correlation coefficient (ECC) and 
Terahertz diversity gain (DG) were investigated for the presented design. In addition, 
Wireless these values were determined to assess compatibility and difficulties 
connected with communication over a short distance. The geometry of the 
MIMO antenna is adaptable to various applications in the THz band with high- 
performance requirements, such as sensing, scanning for security threats, 
biomedical applications, wireless communication systems with high speed 
built on the 6G standard, and the internet of things (IoT). 
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1. INTRODUCTION 

Modern wireless communication system has increased the demand for greater transmission capacity, 
a high bandwidth, and enhanced usage of the existing frequency range. The most technical development is 
using numerous antenna elements at both network endpoints. These are known as wireless systems: multiple- 
input and multiple-output (MIMO) [1]. It provides a higher data rate without requiring additional transmit 
power or bandwidth [2]. MIMO was first proposed as a valid technology in the early 1990s. A solution capable 
of overcoming the data rate restriction systems with a single input and one single output (SISO). 

The separation between the elements significantly influences the mutual coupling between the antenna 
elements in a MIMO antenna. As a result of closer separation, the more mutual coupling will cause high 
correlation coefficients and lower gain and efficiency [3]. Further, MIMO can be employed in various networks 
to enhance system dependability, data transmission speed and channel performance [4]. Over the past several 
years, as the need for ultra-high-speed connectivity and higher data rates has grown, a new age of the 6G 
wireless communication technology has garnered considerable attention. And around 2030 that it will be ready 
for use [5]. 
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As one of its most important building blocks, the 6G wireless communication infrastructure will 
require frequency bands operating at terahertz (THz) frequencies. Due to the lack of available sources, 
measurements, detectors, materials, and equipment that can function inside the terahertz band, The 6G 
evolution in the terahertz frequency range got the slightest investigation of all electromagnetic spectrum bands 
[6], [7]. Terahertz wireless communications may be the future wireless technology to overcome the 
requirements of the increased channel capacity and Tbps data rate [8]. 

The THz spectrum spans the frequency range from 0.1 to 10 THz and can be found between microwave 
and infrared spectrums [9]. Recent years have seen an increase in the use of the terahertz frequency spectrum for 
various purposes, including high data rate transmission in the internet of things (IoT) applications, medicinal 
applications [10], material characterizations, high-speed [11], and secure data transfer. THz applications, 
including imaging, spectroscopy, and others, have significantly increased in the last few years [12]. 

When measured at THz frequencies, the conductivity of the metal is lower than it is when measured 
at direct current (DC) frequencies; this allows for greater penetration and lowers radiation efficiency produced 
by metallic antennas when operating at THz frequencies scales [13]. Antennas operating at THz frequencies 
are often constructed from metals such as gold. Investigation into non-metallic materials use is recommended 
to reduce losses in smaller antennas. 

At this time, graphene is utilized as the material of choice to minimize losses in the THz area [14]. 
Graphene has a honeycomb lattice structure in two dimensions. It possesses the highest carrier mobility, more 
significant than 100,000 cm2v-1s-lat room temperature [11]. Its complex surface conductivity is regulated by 
chemical doping or a change in gate voltage [15]. 

Graphene's mechanical qualities are very noteworthy. It is very lightweight, durable, and flexible. It was 
denser than diamond and more than 300 times stronger than steel [16]. It has been the subject of the most in-depth 
research due to its 2D crystal structure-derived remarkable properties, including its strength, conductivity, and 
high carrier mobility [3]. It is utilized in multiple applications, such as metamaterials, transparent solar cells, and 
high-speed transistors [4]. Graphene is used as a radiating patch antenna, a high-impedance surface (HIS) or a 
parasitic component in the construction of THz [17]. 


2. METHOD 
2.1. Graphene conductivity 

Graphene is a two-dimensional material with one atomic thickness [18]. The graphene surface 
conductivity can be divided into two parts: the first is referred to as the intra-band dominates in the frequency 
range of less than five terahertz (THz), and the second is the inter-band dominates at higher frequencies. Both 
parts of the graphene surface conductivity are affected by the chemical potential, frequency, temperatures and 
scattering rate shown in (1)-(3) [19]: 


O = Ointer hi Sintra (1) 
e7kpTT ; uc — 1 

Cintra (o, T, Ho, Y) = Th2 leet + 2In{exst + 1 ] @-j2y (2) 
239 ps 

Ointer (, T, Ue, y) =< In Cues (3) 


anh ~ *2| We] +(w-j2y)h 

luc is the chemical potential in eV, e is the Electron charge, is the Angular frequency in rad/sec, T is the 

temperature in Kelvin, y is the Scattering rate in s—1, kB is the Boltzmann constant, and h is Planck's constant. 
As shown in (4) makes it possible to calculate the surface impedance of graphene-based on its 

conductivity [20]. 


Zsat/ 4) = Rs(Vo) + j XoVs) Si 


Figure | represented graphene's conductivity as a function of rising chemical potential, with solid lines 
representing the real conductivity and dashed lines representing the imaginary conductivity. The negative real 
component of graphene's conductivity demonstrates its metal-like behaviour in the mid-infrared spectrum. The 
conductivity changes toward increasingly negative values as the Fermi level rises. 
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Figure 1. Graphene conductivity plotted as a function of increasing chemical potential 


2.2. The single antenna designed 


Figure 2 illustrates the geometry of the square-patch slotted antenna. Figure 2(a) presents a microstrip 


with a square patch (28x28 pm?) and four slots are etched in the middle of the X and Y axes. These slots are 
identical in width and length. And also cut, four small slots in each rectangular axes appear. With background 
enhanced to improve the return loss and the gain, as shown in Figure 2(b). 


The antenna made from graphene element thickness of 0.001 nm and a relaxation time of 0.1 ps is 


printed on the front surface of the silicon dioxide dielectric substrate (Sio2) 42x50 wm? with €,=3.9 and a 
height of 10 um, two layers above the substrate silicon crystalline and alumina with a thickness of lm as 
represented in Figure 2(c). All optimum dimensions of the single antenna are described in Table 1. 


Figure 2. The designed microstrip antenna (a) the front view (b) the back view, and (c) the 3-D view 


Table 1. The dimensions of the single antenna design 
Parameters Value in Parameters Value in um 


Isl 9.3 wsl 45 
1s2 3 ws2 2.5 
Ifl 5 wil 4 
1f2 12 wf2 1 


Indonesian J Elec Eng & Comp Sci, Vol. 31, No. 1, July 2023: 212-221 


Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 


The full-wave electromagnetic computer simulation technology (CST 2020) is used for optimizing 
and designing the proposed antenna. Using the stated mathematical formulas in [21 ]-[24]. The primary antenna 
configuration operates at (7.17-12.1) THz, illustrated in Figure 3. Figure 4 represents the simulated radiation 
patterns of the proposed antenna in the (Y-Z plane) E-plane and (X-Z plane) H-plane. Figure 5 shows the gain 


of IEEE reaching 9.7 dB at 11 THz, respectively. 


S-Parameters [Magnitude in dB] 


dB 


9 (7.1747, -10.163 ) 4 6 8 10 2? 2 
@ (12.194, -10.223 ) Frequency / THz 


Figure 3. Reflection coefficient S,1 
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Figure 4. The radiation pattern at F=12 THz 
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Figure 5. The gain IEEE 
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2.3. The MIMO antenna design 

Figure 6 illustrats the suggested design of the MIMO antenna, modified from a single-antenna to a 
four-port MIMO antenna, arranged orthogonally and placed on the top side of the silicon dioxide (Sio2) 
substrate as represented in Figure 6(a) with an enhanced background as described in Figure 6(b). A ten um 
thickness is illustrated in Figure 6(c). The total dimensions of the MIMO antenna are 100x100 ym?. The 
microstrip feed line is linked at the lower borders of each radiator to increase the isolation and reduce the effect 
of the transmission coefficient by making all of the ports orthogonal and aligned at 90 degrees. The increase in 
antenna number increases bandwidth and gain; the distance between each antenna is 30 um according to (42) 
to decrease the mutual coupling and enhances the MIMO antenna's performance. 


2 


(a) (b) 


(c) 
Figure 6. The MIMO antenna design (a) the front view, (b) the back view, and (c) the 3-D view 


3. RESULTS AND DISCUSSION 
3.1. S-parameters 

At chemical potential pc=1, the reflection coefficient of the proposed MIMO antenna is less than 
-10 dB for the band (7.1-13) THz, and the minimum return loss is -30 dB for all S-parameters as illustrated in 
Figure 7. And the mutual coupling of the four patches in Figure 8 is less than -18 dB for the operating band 
(7.1-13) THz, with a minimum value close to -70 dB in the active band. At varying the chemical potential 
values pic =0.1,0.5, and 0.7, the reflection coefficient presents a different operational frequency range with 
other return loss values, so a reconfigurable MIMO antenna appears. These are illustrated in Figures 9-11, 
respectively. 


S-Parameters [Magnitude in dB] 


dB 


g (7.1393, -10.273 ) 4 6 8 10 12 13 
9 (12.991, -9.968 ) Frequency / THz 
Figure 7. The reflection coefficient of the MIMO antenna 


Indonesian J Elec Eng & Comp Sci, Vol. 31, No. 1, July 2023: 212-221 


Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 m) 217 


S-Parameters [Magnitude in dB] 


Frequency / THz 


Figure 8. The co-reflection coefficient of the MIMO antenna 


S-Parameters [Magnitude in dB] 
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Figure 9. The reflection coefficient at fc=0.1 
S-Parameters [Magnitude in dB] 
0 
—si1 
— S$2,2 
— $33 
—s44 


0.1 2 4 6 8 10 12 13 
Frequency / THz 


Figure 10. The reflection coefficient at fc=0.5 
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S-Parameters [Magnitude in dB] 


dB 


Frequency / THz 


Figure 11. The reflection coefficient at c=0.7 


3.2. The radiation pattern 

The electric and magnetic field radiation pattern of the designed MIMO antenna is shown in Figures 
12-15. The Figures showing the proposed antenna's simulated far-field in the (Y-Z plane) E-plane and (X-Z 
plane) H-plane at (7-10-12-13) THz. There is little difference in radiation patterns in the different frequencies. 


1D Results\farfieldd 1D Results \farfieldd 
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Figure 12. The radiation pattern at 7 THz Figure 13. The radiation pattern at 10 THz 
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Figure 14. The radiation pattern at 12 THz Figure 15. The radiation pattern at 13 THz 


3.3. Gain IEEE, envelop correlation confliction (ECC) and diversity gain (DG) 
Because of the need for a more considerable data rate for long-distance transmission, the MIMO 
configuration was created to guarantee compatibility of the graphene MIMO antenna in the THz frequency 
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range. The MIMO antenna's most outstanding gain value is 8.3 dB at 11 THz, As presented in Figure 16. This 
part will explore essential parameters associated with the designed MIMO antenna, which are pretty important. 


Gain (IEEE),3D,Max. Value (Solid Angle)_1 


Gain (IEEE), 


i i : i : i 
@ (7.0639, 5.1783 ) rs - as 3949 
% (11.098, 8.394) | Frequency / THz 


Figure 16. The radiation pattern at 12 THz 


The envelope correlation coefficient (ECC) is essential for identifying the correlation between the 
ports. The ECC value should range from 0 to 0.5 and be very low to show that each channel is independent. 
MIMO antennas should have a minimum ECC That can be calculated by S-parameter as shown in (5) [25]: 


2 


|sisip+Sje5 jy| 


2 
lpail” = Preiiy = G7) (5) 


1-]S]..|2 sia|7 1 s,,|7 5.4]? . 
| Isliil?-ISl jel” )(2-15jj1°-[Segl )nraai,™, 


where S;; and Sj; represent the conjugate of the MIMO antenna's s-parameter. The envelope correlation 
coefficient ECC is less than 0.005 in the operating band, as illustrated in Figure 17. 


Env_Corr_Coeff from S 


Env_Corr_Coeff 


0 2 4 6 8 10 i2 13 
Frequency / THz 


Figure 17. The ECC for the MIMO antenna 
The diversity gain, often known as DG, is an additional method that may be used to define the losses caused 
by the transmitted power. The DG value is computed by making use of the formula that is presented in (6) [25]. 


DG = 10,/1 — (ECC)? (6) 
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The value of the ECC influences the DG, demonstrating that a lower value of the ECC produces an excellent 
diversity gain value, making the MIMO antenna appropriate for various applications. Figure 18 depicts the 
diversity gain DG is close to 9.99 dB. 
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Figure 18. The DG for the MIMO antenna 


4. CONCLUSION 

This work describes in detail the construction, development, and measurement of a valuable antenna 
for MIMO applications. A reconfigurable four-element MIMO antenna has been designed and numerically 
analyzed for THz applications. The graphene MIMO antenna operates at (7.1-13) THz with minimum return 
loss close to -30 dB. The proposed MIMO antenna displays the highest gain value of 8.3 dB at 11 THz, and 
ECC is less than 0.005 dB for any two elements. Diversity gain DG value is more significant than 9.97 dB for 
the band of interest. The MIMO antenna design that has been proposed for usage in the future is capable of 
functioning as a massive MIMO and makes use of intelligent surfaces that can be reconfigured. That makes it 
appropriate for use with 6G communication technology. The presented multiple input MIMO antenna is well- 
suited for high-speed, short-distance indoor communication applications in the terahertz frequency region. 
These applications include biological imaging, security scanning, sensing, and video-rate imaging. 
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